The boreal forest is subject to disturbance but the effects on population dynamics are poorly understood. We investigated how a prominent species of the forest floor, the clonal moss Hylocomium splendens , responded to different types of fine-scale disturbance. 2 Canopy gap formation was simulated in H. splendens populations by removing 50% of the bryophyte layer (Removal treatment) and herbivory by clipping all of its growing points (Clipped treatment). Demographic parameters and population dynamics were compared with an unmanipulated reference population (Ref ). 3 Both types of disturbance caused a significant decrease in mean segment size (particularly following clipping) and an increase in branching rates. Branching rates in the Removal population were enhanced at all architectural opportunities for enhanced branching, but only the Clipped segments themselves were affected during the 2 years following disturbance. 4 The population effects of disturbance were analysed by a periodic matrix model, with 3-year as the period, followed by elasticity analysis. The Ref population was approximately stable (growth rate, λ = 1.012), with the survival of mature segments making an overwhelming contribution to its growth rate. The higher λ (1.740) in the Removal population was associated with higher elasticities of branching. Clipping reduced λ to 0.841 by blocking segment survival, although regeneration of new growing points on the remnant main shoot axis after 1 year, and its subsequent maturation in the next year, then made a major contribution. 5 Life table response experiment analyses revealed that almost all demographic processes including branching and the survival of mature segments contributed to the increased λ in Removal treatment. The relatively small decrease in λ following clipping was mainly due to the absence of mature segment survival, being almost balanced by the pulse of regeneration of growing points the year after disturbance. 6 We conclude that H. splendens populations show a good ability to recover from common types of disturbances in their environment. The general mechanisms behind the responses are discussed.
Introduction
Disturbances, which affect plants directly by removing parts or all biomass and indirectly by modifying their environment, can regulate species dynamics within plant communities (Grime 1979; Huston 1979) . The underlying mechanism may aid understanding of the responses to changing environmental conditions and, as populations are dependent on recurrent disturbances (e.g. Oostermeijer et al . 1996; Valverde & Silvertown 1998 ) may guide management practices (Silvertown et al . 1996) .
Gaps created by disturbances such as grazing, mowing or tree uprooting normally show enhanced availability of resources (Schaetzl et al . 1989) . Although some species respond to ameliorated environmental conditions or loss of competitors by enhanced growth rates (e.g. Kimmerer 1993; Cipollini et al . 1994; , others are very resistant to environmental change (e.g. Batista et al . 1998) , or even show a decrease in population growth rate sufficient to lead to local extinction (e.g. Jules 1998 ). Individuals of many species can tolerate the physical damage associated with disturbance (e.g. grasses with protected basal meristems), but others may be vulnerable if partial damage causes changes in plant architecture (Escarré et al . 1996; Juenger & Bergelson 1997) . Architectural constraints may well determine recovery potential (Angevine & Handel 1986; Svensson & Callaghan 1988; Myrmael 1993; Frego 1996) .
Bryophytes usually dominate the ground layer of boreal forest, and disturbances throughout the snowfree season may generate small gaps with enhanced light penetration. However, disturbances may also remove growing points of surviving plants whose meristems must be activated for recovery ( Myrmael 1993; van der Hoeven & During 1997) . Although bryophytes play an important role in the functioning of the boreal forest ecosystem (Chapin et al . 1987; Hörnberg et al . 1997) , little is known about how they are affected by such disturbances (Kimmerer 1993; Frego 1996; Rydgren et al . 1998b) .
The large, clonal, pleurocarpic moss Hylocomium splendens is widely distributed and often locally abundant in the boreal forest (Økland 1996) . Yearly recordings since 1990 in seven Norwegian boreal forest areas have revealed that H. splendens is not heavily grazed (average annual rate, 2%), although there is considerable regional and temporal variation (Økland 1995, 1997) . Thus, all segments in some 1 m 2 plots may lose their growing points, presumably due to intense herbivory ( K. Rydgren, personal observation) at particular stages in the population cycles of microtine rodents (Økland 1997) . The cover of mosses at fine-scale may show large fluctuations, up to a 50% decrease or increase following microtine rodents' cycles, but with 1 year time-lag (Ericson 1977) . The reported consequences of grazing or simulated grazing range from complete death of whole shoots (Callaghan et al . 1978) to shoot damage without implications for survival (Myrmael 1993) , and its influence on critical demographic parameters and, hence, population growth rate is unknown. Litterfall from the canopy (e.g. cones from Picea abies ), as well as burrowing, trampling and grazing of animals, including the use of bryophytes as nest material by birds (Henze 1962; Troedsson & Lyford 1973; Ericson 1977; Bondrup-Nielsen 1993; Økland 1995) may cause further disturbances. Winter foraging removes individual shoots close to the base (Ericson 1977 ) but H. splendens is able to respond rapidly, closing such small gaps (cf. Rydgren et al . 1998b ) by enhanced branching rates ( ramification and regeneration). The costs of this rapid recovery are reflected in a decrease in the size of mature segments and may influence the long-term growth rate in these populations where demographic parameters are strongly size-dependent (Økland 1995) .
We investigated how demographic parameters and population dynamics were influenced by disturbance and which changes in demographic parameters were responsible for the changes in population growth rates. The two common types of disturbance were mimicked by subjecting all growing points in a H. splendens population to artificial herbivory, or by removing 50% of the bryophyte carpet to create a fine-scaled pattern of gaps. Such high levels of disturbance occur irregularly in the field. Demography and population dynamics were compared with an unmanipulated reference population using transition matrix models (van Groenendael et al . 1988; Caswell 1989) . We calculated the population growth rate ( λ ) and elasticities, so as to obtain information on what transitions in the life cycle gave the most important contributions to λ (de Kroon et al . 1986; 2000) and performed life table response experiments (Caswell 1996; Horvitz et al . 1997 ) to identify the demographic parameters responsible for differences in λ between treatments.
Materials and methods

 
The study was carried out between 1993 and 1996 in Østmarka Nature Reserve, Akershus county, south-east Norway (11 ° 02 ′ Ε , 59 ° 50 ′ N), 230-285 m above sea level, where Picea abies forests dominated by Vaccinium myrtillus (Rydgren et al . 1998b ; for details see Økland 1996 and Rydgren 1996) occur on acidic bedrock covered by thin glaciofluvial deposits (Holmsen 1951; Sigmond et al . 1984) . The climate is slightly suboceanic with annual precipitation of c . 800 mm and annual temperature of 3.9 ° C (1961-90 means; Aune 1993; Førland 1993) . The mean maximum snow depth during the winter is c . 60 cm, and duration of the snow cover is c . 110 days (Bjørbaek 1993) . All study years were relatively dry with summer precipitation in 1994 ( MayJuly) only 24% of normal (Table 1 in Rydgren et al . 1998b ). Overall, all years except 1996 were warmer than average, but all summers except 1994 were colder than average.
 
Hylocomium splendens is a large, perennial, clonal, pleurocarpic moss with modular growth. New modules develop annually and segment chains remain connected until they decompose from below (after 2-20 years) or are injured (Tamm 1953; Callaghan et al . 1978; Økland 1995; Callaghan et al . 1997) . Hylocomium splendens wefts are built by reiteration of entire branching systems, including time-delayed repeats (Økland 1995) . The segment chain is continued each spring when a new growing point emerges from the main axis by sympodial ramification (branching) from a 1-year-old segment (Økland 1995; G in Fig. 1 ). Additional growing points (G 0 ) may also be formed from the previous year's segment, as well as from dormant resting buds on detached fragments (the diaspore bank, D) and from older parts of intact segment chains. Growing points that regenerate with 1 year's delay are classed as G 1L , if they develop from intact segment chains or from segments where the last year's growing points were grazed or as G 1T if no growing points had been produced in the previous year ('terminated' segments). G 2 growing points regenerate with 2 or more years' delay, or from detached fragments where age is indeterminable. All growing point types become mature segments (S; Fig. 1 ) in the autumn in the year after they were formed.
,    
Ten macroplots were selected from north of south Krokvatnet (see Rydgren et al . 1998b ; for details of sampling see Rydgren 1996 Rydgren , 1997 within each demography plot, such that no more than 45 segments were present after disturbance treatment and between-plot variation in the number of recorded segments was therefore low.
Treatments were applied in September 1993 and the first census represents the status of the population just after manipulation. All H. splendens growing points in Clipped plots were detached 5 mm from point of attachment and removed. The mean bryophyte cover (visually estimated) before treatment was 84% ( n = 10, SD = 13%).
In the gap formation treatment (Removal plots) a grid with cell size 2.6 cm 2 was superimposed upon the bottom layer of each active area and cover reduced by approximately 50% by using tweezers to remove all living bryophyte shoots from every second cell (in a checkerboard fashion). Deeply buried older parts of H. splendens shoot chains were left intact. The mean bryophyte cover before treatment was 70% ( n = 10, SD = 20%).
Reference (Ref ) demographic data were obtained from an unmanipulated H. splendens population 1.5 km from the experimental site. The reference site had similar geology, climate and vegetation (Rydgren et al . 1998b) , and included 23 demography plots each of 1/ 16 m 2 (see Økland 1995, 1997 for details of sampling). A smaller active area within each plot was selected to restrict the number of H. splendens growing points to 25. Mean cover of bryophytes in the active area was 54% in 1993 ( n = 23, SD = 27%).
Annual censuses were performed between 30 August and 15 October from 1993 to 1995 (1996 for Ref ), i.e. after the new segments had reached maturity but before the first snowfall. All growing points were mapped and tagged using plastic rings (see Økland 1995) to allow relocation.
For each intact mature segment the number of daughter growing points was recorded and size (DW, dry weight) was estimated from measurements of segment length, number of branches and length of the longest branch (nonlinear regression model: R 2 = 0.913, n = 328). Dry weights were log-normally-distributed (Økland 1995) . Base-2 logarithms were used for convenience (log 2 DW = a ⇔ DW = 2 a 10 -4 g), as an increase by one unit then corresponds to doubling the size.
- ,       
Mature H. splendens segments were classified into 12 life-stage classes (Fig. 1) . Mature segments were allocated to one of seven classes according to their estimated dry weights: S 2 (log 2 DW < 3), S 3 (3 ≤ log 2 DW < 4), up to S 8 (log 2 DW ≥ 8), while growing points (G) that have not yet developed into mature segments were designated G 0 , G 1L , G 1T and G 2 (discussed earlier). Continuation of the main segment chain through maturation of a single new growing point is the main survival pathway (S to S self-loop; Fig. 1a) . Where there was more than one daughter segment, the largest (evaluated the year after ramification) was always placed in one of the Sclasses, while the other(s) were recorded as G 0 . The twelfth class (D) represented the diaspore bank and allowed for growing points whose origin could not be determined non-destructively. All G 2 are therefore interpreted as coming from the diaspore bank (Fig. 1) . The diaspore bank was assumed to halve each year. Regenerative ability of a segment is approximately halved each year after maturation (Økland 1995) and we therefore assumed that the diaspore bank at each census would be supplemented by half of the mature segments present at the start of the transition period minus segments lost during this period. The initial size of the diaspore bank was assumed to equal the estimated number of mature segments 1 year before the start of the first transition period. Life cycle transitions of H. splendens depend only on the stage in the previous year and density effects are negligible except at very high total bryophyte cover (Økland & Økland 1996) .
The Removal treatment did not influence the number of possible transitions in the life cycle, only their probabilities. However, the number of possible transitions was reduced in the Clipped treatment leading to a constrained life cycle in the following 2 years (Fig. 1b,c) and reducible transition matrices (Caswell 1997) . Only five types of transitions were possible in the first year ( Fig. 1b) : mature segments can become part of the diaspores; diaspores can remain in the bank; new growing points can arise from the diaspore bank (G 2 ), or from active (but Clipped), or inactive segments (G 1L and G 1T , respectively). Of these, the maintenance of the bank was the only closed pathway, and thus contributes to λ (cf. de Kroon et al . 2000) . Some transitions are restored in the second year as the new growing points mature or branch, but there are no old segments to give rise to G 1L or G 1T and there are still few closed pathways (Fig. 1c) . Recovery of the full life cycle following disturbance takes 3 years.
Matrix analyses
Transition matrix models (Caswell 1989 ) of the form d t+1 = A · d t were used, where d t and d t+1 are 12 × 1 column vectors, containing the distribution of mature segments on 12 life-stage classes in years t and t + 1 ; A is a 12 × 12 matrix, each matrix element a ij giving the probability of transition from class j to class i between t and t + 1 . Transition matrices were constructed for the periods 1993-94 and 1994-95 for all populations with a third for Ref.
We used a periodic matrix approach to obtain the limit properties of the model (Caswell & Trevisan 1994) , with period determined by the recovery following clipping (i.e. 3 years). We were therefore able to analyse the reducible matrices following clipping, and compare them with the other populations. The three matrices used to characterize the Clipped population were: -94 (recovery), Removal 1994 and normal (Ref 1995-96) matrices. The significance of these cycles were compared with matrices from 1993 -94, 1994 -95 and 1995 -96 for the Ref population.
The population growth rate, and sensitivities and elasticities (de Kroon et al . 1986; 2000) were calculated for the three 3-year periodic matrix models (cf. Caswell & Trevisan 1994) ; the superscript on A indicates the period at which the projection starts). The general formula given for an m-period cycle starting at period h is (Caswell & Trevisan 1994) :
The largest eigenvalue of these product matrices, which are all the same and independent of starting period (Caswell & Trevisan 1994) , constitutes the population growth rate, λ. The sensitivity of λ to a change in matrix entry a ij was then calculated for each of the product matrices according to the formula given by Caswell (1989) In order to estimate the effect of treating the reference population as if it had 3-year cycle, we compared the limit properties of the periodic model and of a nonperiodic deterministic model for the three matrices separately.
We used life table response experiments (Caswell 1989 (Caswell , 1996 Horvitz et al. 1997 ) Ref 1995 -96 was the third matrix in each cycle). The difference in λ between the treatment (λ t ) and the control (λ c ) in a fixed treatment is (Caswell 1997; Horvitz et al. 1997 ) is the difference in transition probability a ij between a treatment matrix and a control matrix, and is the sensitivity of transition a ij in the mean matrix (the matrix 'halfway' between A t and A c ). Mean matrices were calculated for each treatment/ reference pair for each of the two periods and their sensitivities determined, as described earlier. The contribution of each element (a ij ) was then calculated. All matrix modelling was performed using , Version 5.0 (The MathWork, Inc., Natick, MA, USA).
Results
       
Mean segment size decreased significantly in all three populations from 1993 to 1995 (P < 0.001 level; t-tests), most strongly in the Clipped population where the mean segment size was reduced by 60% (Fig. 2) . The decrease was significantly larger (two-way , F 2,2472 = 49.07, P < 0.001; followed by Tukey's test) in the two experimental populations than in the Ref population (Fig. 2) .
Mature segments that had their growing point(s) Clipped regenerated well, particularly the following year, as shown by number of G 1L growing points in 1994 ( Table 1, Fig. 3b ). Twenty-eight per cent of the surviving segments produced more than one G 1L growing point, with the number increasing linearly (r = 0.981, n = 6, P < 0.001) with increasing size of the 1993 mature segment (Fig. 3b) . Few G 1T were observed whereas G 2 showed enhanced branching in the second year, despite little regeneration in the first (Table 1) .
Fig. 2 Mean segment size ( ± SE) of mature segments.
The fine-scale, patch-wise removal of bryophytes induced a burst of branching. The frequency of G 0 ramification (multiple growing points from the mature segment) was similar in Removal and Ref populations in 1993 (i.e. at the time of disturbance), but was much higher in the treatment in 1994 (Table 1) , mostly due to enhanced rates of ramification in larger segments (Fig. 3a) . By 1995, however, frequencies were again Table 1 Demography of growing points in Hylocomium splendens populations from 1993 to 95. For the annual census in year t, numbers are calculated for each growing point class as percentages of N t-1 , the number of growing points present at the previous census. Introduced segments (C ) are new segment chains, usually found unattached on top of the moss layer, which were only recorded for the reference population
Clipped
Removal Ref 1993 1994 1995 1993 1994 1995 1993 1994 1995 N similar. Removal caused an increase in growing points regenerating with 1 year's delay (G 1L ) particularly in 1995 (Fig. 3b, Table 1 ). Experimental disturbance also caused a pulse of growing points regenerating with 2 or more years' delay (G 2 ), that lasted for (at least) 2 years (Table 1) .
Growing point category
  
Population growth rates
The population growth rates (λ) of the Ref population were 0.965, 0.825 and 1.180, respectively, for the three transitions studied (Fig. 4a) . The combined periodic matrix model for this population had λ = 1.012 (Fig. 4b) above the value (0.841) for the Clipped population ( Fig. 4c ) and below that (1.740; Fig. 4d) for the Removal population.
Elasticity analyses
Survival of mature segments made the main contribution to λ in the Ref population (S to S contributed 58-70% of the total elasticity in the two models, Fig. 4a,b) .
Transitions from large segments to large segments (i.e. between S 6 , S 7 and S 8 ), made up between one-and two-thirds of the total elasticity of mature segment survival. In both periodic and non-periodic models, transitions from mature segments (S) to multiple growing points (G 0 ), and from growing points regenerating with 1 year's delay (G 1L ) to mature segments, were much more important in the better years for growth (Fig. 4a) . Transitions to and from the diaspore bank (D) and G 2 contributed more to λ in the worst year (1994-5) than in other years, but only in the non-periodic model. Removal of all growing points in the Clipped population blocked the main route from mature segments to mature segments (S to S, Fig. 4c ), but the population was fairly resilient (λ = 0.841). Of the four remaining recovery routes, regeneration of growing points with 1 year's delay (G 1 ) to form mature segments by the second year (S) contributed most to λ followed by later development of mature segments via the diaspore bank, D, and G 2 . The survival of the diaspore bank ( D to D) in the first period also contributed to this route. The route from the diaspore bank via G 2 to mature segments was of minor importance.
Mature segment survival also made the largest contribution to λ in the Removal population (less than in the Ref but still 54 -62%, Fig. 4d ; and about half due to transitions between large segments). Branching was also important: S to G 0 , S to G 1 , and D to G 2 (Fig. 4d) .
Life table response experiments
The life table response experiment analyses quantified the contribution of each of the matrix elements to the difference in λ between the experimental and the reference populations. The difference in population growth rate between the Clipped and the Ref populations was -0.171, of which the life table response experiment analysis accounted for 84% (-0.144), with the negative effect on mature segment survival as the major component (Fig. 5a ). This was, however, almost outweighed by the pulse of G 1L during the first year and this, together with G 2 regeneration the following year, led to the overall difference in λ being relatively small.
Life table response experiment analyses accounted for 99.9% of the difference in growth rate (∆λ = 0.728) between Removal and Ref populations. A large proportion (43%) was due to maintenance of large mature segments, but branching was also important with production of G 0 , G 1L and G 2 adding to 48% of the total difference (Fig. 5b) .
Discussion
How can H. splendens, one of the most prominent and widely distributed species in the ground layer in the boreal forest, persist in a disturbance-prone environment, despite its suggested susceptibility to such events (Callaghan et al. 1978) . In the absence of experimental disturbance the population growth rate was between 0.8 and 1.2, with survival of mature segments contributing 60-70% of the total elasticity. The segment chain is maintained by each segment producing a single sympodial growing point. Experimental removal of a complete generation of these growing points (to simulate intense herbivory), however, resulted in only a slightly lower population growth rate indicating that H. splendens has a strong ability to cope with this type of disturbance. When we simulated gap formation by removing approximately 50% of the bryophyte cover, the H. splendens population again responded rapidly, in this case by enhanced branching rates and enhanced survival of mature segments. λ increased and the population almost recovered its original numbers within 2 years.
    - 
The Clipped population, in which all growing points were removed in 1993, regained 85% of its original number of growing points within 2 years after disturbance. Although the architectural potential was temporarily reduced, a new generation of growing points arose from mature segments with only 1 or 2 years' delay. Enhanced branching after decapitation of shoot apices, caused by release from apical dominance, has been demonstrated for several other bryophytes and many vascular plants (e.g. Clymo & Duckett 1986; Svensson & Callaghan 1988; Doak 1991; Myrmael 1993; van der Hoeven & During 1997; Watson et al. 1997 ) and can explain the production of G 1L growing points. This general response is regarded as one of the primary mechanisms involved in the tolerance of herbivory (Strauss & Agrawal 1999) .
Compensation for the loss of growing points following clipping led to a significant decrease in mature segment size, partly due the sharing of resources among a larger number of future growing segments (cf. Økland 1995) . The loss of growing points also decreased the internal pool of nutrients impacting subsequent growth. It was long believed that ectohydric bryophytes lacked internal reallocation, but recently it has been shown that H. splendens has a high degree of clonal integration with nitrogen transport acropetally between segments (Eckstein & Karlsson 1999) . Moreover, the ability to compensate for resource losses is generally less in bryophytes than in vascular plants, as most bryophytes lack underground structures that accumulate reserves that can buffer periods of high demand.
The reduction in segment size after clipping may have had a number of demographic consequences, such as the very low frequency of multiple growing points (G 0 ), as the bryophyte carpet closes in the second year.
Reduction of bryophyte cover to approximately 50% of its original density was followed by an increase of 163% over 2 years during which the reference population declined to 85% of its original level. Activation of branching occurred in H. splendens segments of all ages, but particularly in those in the larger size classes. The increased level of branching was probably due to the effect of enhanced red : far-red ratios on dormant buds (cf. Berthier et al. 1976; Bopp 1983) within the bryophyte carpet, while moisture availability remained adequate for regrowth (Rydgren et al. 1998b) .
A strong decrease in segment size was fully accounted for by differences in branching rates. Segments arising by G 2 and G 1L regeneration and G 0 ramification are smaller than their mother segments (Rydgren et al. 1998b) whereas segments formed by normal continuation growth ('survival') are of similar size or slightly larger (Økland 1995) . G 0 shows the greatest effect (Rydgren et al. 1998b ) because resources are mostly transported acropetally and must therefore be shared between the multiple daughter segments (Økland 1995; Eckstein & Karlsson 1999) , which explains most of the effects of the temporal treatment.
  -     
Normally, the clonal continuation of the segment chain is the main pathway for the persistence of H. splendens. Thus, one would expect a disturbance that removes all growing points to imply a strong set back for the population, but population of H. splendens is surprisingly resilient to this type of disturbance. The life table response experiment analysis showed that immediate release of dormant buds following clipping nearly outweighed the loss of the previously predominant survival pathway, and enhanced bud activity continued in the second year. Hylocomium splendens can therefore regenerate after herbivore attack or other kinds of disturbances that remove growing points, as reported for other bryophytes (Clymo & Duckett 1986; During 1990; Myrmael 1993) , as well as for vascular plants (Svensson & Callaghan 1988; Doak 1991) .
The higher λ following Removal treatment was due to positive contributions of almost all demographic parameters (cf. the life table response experiment analysis, Fig. 5b ). Although enhanced survival of mature segments is the most important single change, the combined effects of branching (G 0 , G 1L , G 1T and G 2 ) are just as important. The activation of all its architectural potential allows H. splendens to refill small openings in the bryophyte cover rapidly. The first impression of this plant as inflexible and relying predominantly on survival is clearly incorrect, and the vigorous response to different types of disturbances may be one of the reasons for its great success in the boreal forest. However, when larger gaps occur in the bryophyte carpet, invasion by surrounding shoots may not enable full recovery (Rydgren et al. 1998a ) and recruitment from propagules will become increasingly important. Such patterns are often seen for canopy trees (Gray & Spies 1996; Kneeshaw & Bergeron 1998) , but detached shoot fragments will be more important sources than buried propagules or sexual spores in H. splendens (Økland 1995; Jonsson & Esseen 1998; Rydgren et al. 1998a) .
Both disturbance types relatively reduce the mean segment size of H. splendens. G 0 and G 1L branching are particularly dependent on the size of the mature segment, and recurrent disturbance affecting much of the population will therefore ultimately slow down branching rates, leading to increased termination and loss rates (Økland 1995) and thereby reducing the longterm population growth rates.
Geographically separated H. splendens populations differ in mean segment size (Økland 1997; R. Økland unpublished results) , and recovery is expected to be more vigorous in areas where (as here) it is large, because of effects on G 0 and G 1L (Økland 1995; Rydgren et al. 1998b) . The capacity of H. splendens populations to buffer temporal variability in the environment (and disturbance) builds up during periods with favourable (wetter) climatic conditions, as a result of increases in population size, segment size, or both.
These populations of H. splendens can rapidly recover from disturbances that either directly remove part of their biomass or change the environment where they grow. However, in order to analyse the effects of natural variation of disturbance magnitude and frequency on the long-term population dynamics, further studies using stochastic models are needed.
